Abstract Observed surface air temperatures over the contiguous U.S. for the second half of the twentieth century showed a slight cooling over the southeastern part of the country, the so-called "warming hole," while temperatures over the rest of the country warmed. This pattern reversed after 2000. Climate model simulations show that the disappearance of the warming hole in the early 2000s is likely associated with the transition of the Interdecadal Pacific Oscillation (IPO) phase from positive to negative in the tropical Pacific in the late 1990s, coincident with the early 2000s slowdown of the warming trend in globally averaged surface air temperature. Analysis of a specified convective heating anomaly sensitivity experiment in an atmosphere-only model traces the disappearance of the warming hole to negative sea surface temperature anomalies and consequent negative precipitation and convective heating anomalies in the central equatorial Pacific Ocean associated with the negative phase of the IPO after 2000.
Introduction
Observed trends in annual mean surface air temperature in the second half of the twentieth century show that warming averaged over the western half of the contiguous United States (U.S.) outpaced warming in the eastern half by about a factor of 2, with some areas in the southeastern U.S. actually showing a slight cooling trend ( Figure 1a ). This has been termed the "warming hole" [Pan et al., 2004; Kunkel et al., 2006; and should not be confused with what also has been called a warming hole over the North Atlantic [Drijfhout et al., 2012] . The depiction of the warming hole as a regional surface temperature trend simply denotes a pattern of variability that is likely internally generated as we will argue below and does not imply the trend is statistically significant [e.g., Knutson et al., 2013; Kumar et al., 2013a Kumar et al., , 2013b .
The (eastern U.S.) warming hole falls under the category of "equifinality," that is, the same end result can be obtained a number of different ways [e.g., Beven and Freer, 2001] . Thus, the literature has a number of competing explanations for the warming hole. It has been attributed to a possible altered hydrologic feedback [Pan et al., 2004 [Pan et al., , 2013 Portmann et al., 2009] , increased cloudiness [Robinson et al., 2002] , or a variety of processes related, either singly or in some combination, to aerosols, clouds, and/or precipitable water [Weber et al., 2007; Yu et al., 2014; Leibensperger et al., 2012] . All of these factors are likely related in some way to changes in atmospheric circulation that could be forced by internally generated decadal to multidecadal timescale variability of either tropical Pacific sea surface temperatures (SSTs), northern Atlantic SSTs, or some combination of both [Robinson et al., 2002; Kunkel et al., 2006; Wang et al., 2009; Shin and Sardeshmukh, 2010; Kumar et al., 2013b; Kumar and Wang, 2015] . explored the factors that could have caused such large-scale changes in atmospheric circulation, and thus the warming hole, in the eastern U.S. in the second half of the twentieth century. That study explored analyses of global coupled climate model simulations of a preindustrial control and a twentieth century climate run that simulated a warming hole in the second half of the twentieth century in the southeastern U.S., along with specified convective heating anomaly experiments in an atmosphereonly model. They concluded that a major factor for the warming hole was changes in large-scale atmospheric circulation forced by convective heating anomalies in the central equatorial Pacific associated with positive SST anomalies on the decadal timescale manifested as the positive phase of the Interdecadal Pacific Oscillation (IPO) [Power et al., 1999] . changes in external forcings. The surface temperature signature of the positive phase of the IPO shown by is characterized by warmer temperatures in the tropical Pacific and a warming hole over the eastern part of the U.S. (Figure 1c ). Other models' multicentury unforced control runs produce a comparable IPO SST pattern (G. A. Meehl et al., Internal variability contributions from the Interdecadal Pacific Oscillation to decadal variability of 20th century globally averaged surface temperatures, submitted to Nature 
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Climate Change, 2015). There are negative correlations over other parts of the world (e.g., northern Europe and Asia) where warming holes have not been found [e.g., Kumar et al., 2013a] . The climate model results indicate that the strongest signal connecting the IPO to midlatitude temperature trends is likely over North America, with other forcings or internal variability playing a bigger role in other regions.
The strongest and most statistically significant connection for a warming hole trend over the southeastern U.S. in that model was to central equatorial Pacific SSTs [see Meehl et al., 2012, Figure 3b] . Additional experiments using an atmosphere-only model with a specified positive convective heating anomaly centered on the dateline in the equatorial Pacific showed that positive precipitation anomalies correspond to anomalous tropospheric heating that excites a Rossby wave train over the North Pacific and U.S. that produces the warming hole.
After a period of more rapid global surface warming in the 1990s and particularly high temperatures around the 1997-1998 El Niño event, the IPO transitioned from positive to negative in the late 1990s [Lee and McPhaden, 2008] , and the early 2000s hiatus commenced [Meehl et al., 2011; Kosaka and Xie, 2013; England et al., 2014] . This transition affected the climate system in various other ways, including changing the timescale of interannual variability in the Indo-Pacific region to strengthen the tropospheric biennial oscillation (TBO) . With regard to U.S. temperatures, the several decades prior to 1999 were characterized by the southeastern U.S. warming hole and rapid global warming with positive IPO [Meehl et al., 2011 [Meehl et al., , 2013 Note that the entire record is used as the base period from which to compute anomalies to show opposition of the sign of base state SSTs in the Pacific in the two periods. Since it has been shown that temperature extremes over the U.S. are affected by the phase of the Pacific Decadal Oscillation (PDO) [Kenyon and Hegerl, 2008] (the PDO is closely related to the IPO), and if the results of are correct in making the connection between temperature extremes and the warming hole, the IPO transition to negative in the late 1990s, specifically focused on the part of the IPO pattern with cooler tropical Pacific SSTs, should have produced a disappearance of the warming hole. That is, in Figure 1c when the IPO is negative in the tropical Pacific, there should be positive surface temperature anomalies in the eastern U.S. and negative anomalies in the west. As shown in Figure 1b , this is what has happened, with warming trends in the eastern U.S. of around +1°C/decade and cooling trends in the western U.S. of roughly À1°C/decade. We will provide evidence below that it is again convective heating anomalies in the central equatorial Pacific that play a key role in driving large-scale circulation changes that affect the pattern of warming over the U.S. Since 2000, it is the negative SST, precipitation, and convective heating anomalies associated with the negative phase of the IPO that have primarily led to the disappearance of the warming hole. 
Results
For the observed surface temperature trends previously documented for 1950-1999 for positive IPO (Figure 1a , HadCRUT3v data [Brohan et al., 2006] ) there are negative surface air temperature trends in the southeastern U.S. with positive SST anomalies in the tropical Pacific. As noted above, these trends are used to illustrate the pattern of temperature change over this time period, not to denote statistical significance. For the 2000-2013 trends and negative IPO (Figure 1b) , the pattern is nearly reversed, with positive trends over much of the eastern U.S. and negative anomalies in the tropical Pacific.
Meehl et al.
[2012] noted that most of the annual mean warming hole pattern arises from the winter season and that is the time of year when there is the greatest response over the U.S. to convective heating anomalies from the tropical Pacific. Therefore, we will focus on that season in this paper. (Figure 3b ).
As documented in , this pattern can be used to infer geostrophic advection of cool air over the western U.S. from the north (i.e., winds roughly follow stream function contours, counterclockwise for negative values, clockwise for positive values), and warm air advection over the southeastern U.S. from the south, thus producing the surface air temperature trend pattern for the 2000-2013 period shown in Figure 1b with no southeast U.S. warming hole.
As noted above and by , the strongest connection to the pattern of DJF surface temperature anomalies over the U.S. is to a region near the intersection of the equator and the dateline at 0°N, 180°E. The connection to the tropical Pacific for the anomalous atmospheric circulation in Figure 3b , which contributes ). Note the negative precipitation trends near equator, dateline.
Geophysical Research Letters
10.1002/2015GL064586
to the surface temperature anomaly pattern in Figure 1b with no warming hole, is through the negative precipitation trend values at 0°N, 180°E seen in Figure 3a . These are associated with negative SST anomalies in that region (Figure 2b ) and can be represented by a negative convective heating anomaly at that location. As described in , the Community Atmospheric Model version 3 (CAM3) [Hurrell et al., 2006] , with repeating climatological SSTs, is run for 20 years with a specified negative heating anomaly at that location with a minimum heating rate of À5°C d À1 . The negative heating anomaly is prescribed as an ellipsoid shape, 3000 km in the east/west direction and 500 km north/south, centered on the equator at 180°E. In the vertical it has the profile sin(0.5πσ), where σ is local pressure divided by surface pressure. Similar convective heating anomaly experiments with a different magnitude of forcing produce different magnitudes of response, but with a comparable pattern thus indicating the physical processes are similar. Figure 4a shows the 850 hPa stream function anomaly for DJF from that experiment. There is an anomalous high in the North Pacific with values of around +3 m 2 s À1 , and negative values over North America of about À1 m 2 s À1 that resemble the observed pattern in Figure 3b . The surface temperature anomaly pattern over the U.S. from this experiment shows negative anomalies of around À1°C over the western U.S. and positive anomalies of about +1°C over the east (Figure 4c ), also similar to the observed pattern for the 2000-2013 period in Figure 1b (as discussed above noted that the largest amplitude warming hole temperature pattern occurred in DJF and that is also the case for the disappearance of the warming hole). This can be compared to the positive heating experiment analyzed in representing positive IPO pre-1999 conditions with a positive convective heating anomaly at 0°N, 180°E that 
Conclusions
A prominent feature of U.S. surface temperature trends over the second half of the twentieth century was a near-complete lack of warming over parts of the eastern U.S., the so-called warming hole. Evidence has been presented in a previous study that the warming hole, though apparent year round, was largest in winter and was due to large-scale atmospheric circulation anomaly patterns that advected cooler air to the southeastern U.S. and warmer air over the western U.S. These circulation anomalies have been traced to an anomalous Rossby wave response forced by convective heating anomalies associated with SST and precipitation changes in the central equatorial Pacific. These decadal timescale SST anomalies, which are associated with the warming hole, are related to the IPO in its positive phase (decadal timescale positive SST anomalies in the central and eastern equatorial Pacific) in the several decades prior to 1999. The IPO transitioned to a negative phase in the late 1990s (decadal timescale negative SST anomalies in the central and eastern equatorial Pacific). If the previous arguments are valid, the circulation anomaly pattern should have reversed and the warming hole should have disappeared after about 2000. Observations confirm that this has indeed happened. When an atmospheric model is run with a specified negative convective heating anomaly in the central equatorial Pacific representing negative precipitation and SST anomalies there, an anomalous ridge in the North Pacific and trough over the central U.S. produces a surface temperature cooling trend over the western U.S. and warming trend over the eastern U.S. and a disappearance of the warming hole. Though other explanations have been put forward to explain the warming hole (e.g., land use changes, aerosols, and SST forcing from the Atlantic), none have been hypothesized to explain its disappearance. Though model simulations presented here show evidence for a dominant role for IPO-related decadal SST variability in the central equatorial Pacific for the appearance and disappearance of the warming hole, the concept of equifinality dictates that other contributing factors cannot be totally ruled out.
When the IPO transitions back to positive, as it may already be in the process of doing (e.g., the closely related PDO was positive in 2014 suggesting an IPO transition on decadal timescales may be underway: https://www. ncdc.noaa.gov/teleconnections/pdo/), the surface temperature trend pattern over the U.S. should reverse again and produce relatively less warming over the eastern U.S. compared to an acceleration of warming over the western U.S. However, these internally generated fluctuations are superimposed on the ever-increasing positive radiative forcing from greater and greater concentrations of human-produced greenhouse gases. As IPO transitions continue to occur on decadal timescales in the future [Meehl et al., 2011] , such warming holes will likely be manifested by gradients in the surface temperature warming trends and not regional decadal cooling trends as was seen in the warming hole episode from 1950 to 1999.
